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ABSTRACT
The impingment of a streamwise vortex on a thin plate is investigated
experimentally with high-image-density particle image velocimetry (PIV) and dynamic
pressure transducers in order to relate the structure of vortex breakdown to the spectra of
surface pressure along the plate. The instantaneous and time-averaged distributions of
vorticity from PIV show strong concentrations of vorticity along the edges of the
breakdown region. Correspondingly, the amplitude response of the pressure spectra is the
strongest when the plate is located near the edge of vortex breakdown. The dominant
frequency of the surface pressure is insensitive to cross-stream displacements of the vortex
axis relative to the leading-edge of the plate. The dimensionless frequency jXJU
oo
is
-determinea-from a: variety of previous-experiments with delta wings and F-series model
aircraft, and there is a reasonably good correlation with angle of attack.
1. INTRODUCTION
Modern high performance aircraft exploit vortex flows for enhanced
maneuverability and control. Streamwise vortices, which are generated at various
locations on the aircraft, can interact with fms and tails, and result in flow-induced
vibration. In recent years, there have been a number of studies of vortex impingement
upon various appendages of models of the FA-18, CF-18, F-15C, and YF-17 aircraft as
well as simple delta wing representations of aircraft. Lee, Cavone, and Suzuki I show, for
example, the general equivalence between vortex breakdown on a model FA-18 and a
delta wing. The interaction of broken-down vortices with downstream appendages is
expected to exhibit certain generic features irrespective of the geometrical details of the
aircraft.
Most of the recent studies of vortex-fin interaction have involved measurements of
unsteady surface pressure and acceleration on the fin, along with qualitative flow
visualization. Shah, Grafton, Guynn, Brandon, Dansberry, and Patel2 show that buffeting
of a fin is strongly influenced by the location of vortex breakdown relative to the leading-
edge of the fm. Their studies involved measurement of dynamic loads, accelerations, and
surface pressure on the vertical tails of a F-18 model. Lee, Brown, Zgela, and Poirel3
determined that a LEX fence substantially reduces the pressure and acceleration response
of the fm on a CF-18 model. Hebbar, Platzer, and Frink4 used a YF-17 prototype model
to show that addition of a LEX fence shifts the power spectra of the velocity fluctuation
within the core of the vortex towards high frequencies. Washburn, Jenkins, and Ferman5
found two distinct frequencies in the spectrum of the surface pressure on a fin at the
trailing-edge of the delta wing. They also found that the buffet response was reduced as
the tails were moved toward the core of the vortex. Bean and Wood6 controlled the
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leading-edge vortices on a delta wing model using tangential blowing and achieved a
substantial reduction in the buffeting excitation of the fin. Mayori and Roc'kwe1l7
addressed the flow structure associated with the vortex from a delta wing interacting with
a thin plate. Instantaneous streamline patterns and distributions of vorticity revealed
processes of vortex distortion and splitting. These features should be reflected in the
loading of the plate, Le., simulated fin.
The fluctuating loading on a fin or tail is presumed to have its origin in the type of
vortex breakdown, which generally may exhibit either a spiral or bubble form. Garg and
Leibovich8 performed Laser-Doppler anemometer measurements of vortex breakdown in
a tube. They suggest that oscillations due to breakdown correspond to the most unstable
normal modes of the time-averaged mean flow profiles based on linearized, inviscid
stability analysis by Lessen, Singh, and Paillet.9 Cassidy and FalveylO determined the
frequency and amplitude of the unsteady wall pressure produced by a helical vortex
precessing along the axis of a tube, and showed that the frequency and amplitude could be
correlated with a dimensionless momentum parameter. Gursul 11 characterized the
pressure fluctuations on the surface of a delta wing and related them to the helical mode of
vortex breakdown. His results suggest that the dimensionless frequency fX!Uco is nearly
constant for a given angle of attack a and sweep angle A and that the dimensionless
frequency is a function of the dimensionless circulation rlUcoX for different wings.
The objective of this study is to relate the time-averaged and instantaneous
structure of vortex breakdown incident upon a thin plate to spectra of surface pressure
along the plate. High-image-density particle image velocimetry (PlY) is used to determine
the velocity fields and vorticity distributions, which, in turn, lead to a physical
interpretation of the pressure spectra.
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2. EXPERIMENTAL APPARATUS AND PROCEDURES
2.1 Overview. A water channel with a 965 mm X 635 mm cross-section was used; its
free-surface was maintained at a height of 544 mm. The freestream velocity was
Dca = 146 mm/s. The delta wing employed to generate the leading-edge vortex is
illustrated in Figure 1. It had a sweep angle A=75°, a 30° bevel angle, and a chord
C =330 rom, corresponding to a Reynolds number based on chord of 5.0x104. This delta
wing was held in the water channel by a vertical strut fixed at the midchord.
The vortex generated by the delta wing impinged upon a plate of length Lp =229
rom, span Sp =254 mm, and thickness tp =6.35 rom. Its leading- and trailing-edges were
elliptical with an eccentricity of 1: 0.867. In order to preclude end effects, the plate was
mounted between two vertical false walls, extending from the bottom of the channel
through the free-surface; these walls extended a distance of 76 rom upstream of the
leading-edge of the plate and 190 mm downstream of its trailing-edge.
2.2 Pressure Measurements. As shown in Figure 1, fluctuating pressures were
determined along the midspan of the plate at locations xp/Lp = 0, 0.056, 0.11, and 0.17,
where xp is measured from the leading-edge. Each pressure tap is connected to a 1.59 mm
i.d. transmission line fabricated within the interior of the plate, and extending through the
!
false wall to the respective pressure transducer. All transducers were mounted in a block
of Plexiglas, which was attached to the exterior of the false wall, thereby avoiding any
influence of the pressure transducer on the flow field. Data were acquired with a
Piezotronics 106B50 quartz transducer and a 480E06 ICP power unit, operating at a gain
of 100. Signals were amplified with a Tektronix AM502 differential amplifier at a gain of
10, subsequently filtered by a Krohn-Rite 3750 filter set on low pass with a 8 Rz cutoff
4
frequency and 20 db gain. The signal was low-pass filtered at 8 Hz in order to
concentrate on the low frequency range and eliminate spurious electrical signals at higher
frequencies.
The frequency response of the transducer-line system was determined by applying·
a transient fluid signal to the pressure taps with the same system setup used in the actual
experiment. The resonant response of the measurement system was at approximately 4 Hz
for all four transducers. Examination of the transient response characteristics showed that.
the amplitude attenuation and phase shift were 3% and 0.02 radians respectively. This
calculation is provided in Appendix A. The typical frequencies of interest in this study
were in the 0 to 2 Hz range, which was below the resonant response of the transducer-
line system, thereby precluding significant amplitude and phase distortion of the measured
signal. Preliminary experiments determined that frequencies higher than 8 Hz were due to
noise not related to the flow.
In order to determine the spectrum of the pressure fluctuations, the pressure signal
was digitized at a sampling rate Lit = 0.05s. Each digitized record corresponded to
approximately 80 cycles of the predominant frequency of the pressure fluctuation. In
order to determine the averaged spectrum, a total of 15 continuous records of length 1024
points were acquired. Appendix A gives an in-depth description of the pressure
measurement and data reduction techniques.
2.3 Velocity field measurement. The velocity over the entire plane of the flow was
determined using a scanning version of high-image-density particle image velocirnetry
(PlV), as described by Rockwell, Magness, Towfighi, Akin, and Corcoran 12 and
Rockwell, Magness, Robinson, Towfighi, Akin, Gu, and Corcoran 13. The overall
orientation of the scanning laser sheet, relative to the delta wing and plate configuration, is
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described in Figure 1. As shown therein, the plane of the laser sheet extended from a
location just upstream of the trailing -edge of the delta wing to immediately downstream
of the leading-edge of the plate. It was inclined with respect to the freestream at an angle
such that it was parallel to the axis of the streamwise vortex. Moreover, this laser sheet
was centered on the leading-edge pressure tap at the midspan of the plate, except for the
special case LlC = 0.85. For LlC = 0.85 the laser sheet was maintained in the same
position as in all other studies (at LlC = 0.39), but the delta wing was moved upstream
and adjusted in the spanwise and cross-stream directions to keep the vortex breakdown
centered at the leading-edge of the plate.
The flow was seeded with 12 micron metallic-coated particles which were
illuminated by a laser sheet from a 5 watt Argon laser operating at 3.5 watts. The laser
sheet was created by passing the laser beam though steering and focusing lenses, and onto
a rotating mirror that scanned the beam to form a laser sheet. The 72 faceted mirror
rotated at a frequency of 6.9 Hz, giving a scanning frequency of 500 Hz. This allowed a
Nikon F-4 camera to photograph four exposures of the metallic particles when the camera
shutter speed was 1/125 sec. The magnification factor of the camera lens was 1:6.2. A
bias mirror was placed between the camera and flow in order to determine the direction of
the exposed particles in the flow. The bias mirror was located directly in front of the
camera at an angle of 45°. The mirror oscillated at a frequency of 10Hz while the
camera shutter was open; this added a positive displacement to all the particles in the
direction of the freestream, which, after in the interrogated image of the velocity field,
corresponded to adding a velocity of 446 mm/s to the freestream velocity of 152 mm/s.
The 35 mm negatives were digitized with a Nikon digitizer. The digitizer had a
resolution of 125 pixels/mm of the negative or 20.2 pixels/mm of the actual flow field.
The digitized images were then interrogated using a single frame, cross-correlation
6
Jtechnique with a window size of 105 pixels~ 50 percent overlap. This resulted in a grid
spacing of 0.42 rnrn on the negative, or 2.6 rnrn in the actual flow field. The grid size was
52 x 76 resulting in 3952 velocity vectors in an actual field size of 132 rnrn x 193 rnrn.
The velocity data were smoothed using a Gaussian filter with a coefficient p = 1.3. The
vorticity was calculated by a circulation method. The velocity and vorticity data were set
I
to zero in the regions containing the delta wing and plate following the processes of
smoothing and vorticity calculation. The contours of constant vorticity were constructed
using a spline fit technique with a tension factor of 0.1 for the smoothing process. The
distance between the contours of constant vorticity corresponds to a distance of 1/3 to"1
grid spacing or, respectively, to distances of 0.87 mm to 2.6 mm in the actual flow field.
The levels for the contours of constant vorticity were unchanged for the instantaneous
cases, mmin =5 s-l, mmax =60 s-1 and Am =5 s-l, and the average cases, mmin =3 s-l, m
max =30 s-1 and Lim =3 s-l. Small scale vorticity contours, with dimensionless circulation
less than flUooC = 0.016 were removed from the data field. There are plots of
instantaneous images and plots of the average of six instantaneous images. Figures 3, 7,
and 11 show plots of the averaged velocity field, azimuthal vorticity, and velocity on
vorticity. Figures 4, 5, 8, 9, 12, 13, and 14 show corresponding instantaneous plots. For
all vorticity plots, positive vorticity is indicated by a dark gray line while negative is
represented by a white line. For the velocity on vorticity plots, both positive and negative
vorticity are shown in white.
3. RESULTS
3.1 Effect of streamwise displacement of vortex breakdown on buffet-induced loading.
Instantaneous velocity fields and surface pressure measurements were obtained at two
7
extreme distances from the trailing-edge of the delta wing to the leading-edge of the plate.
At both of these locations, the delta wing was adjusted to keep the vortex centered at the
midspan of the plate as well as in the cross-stream direction, i.e. the centerline of the
broken-down vortex was essentially coincident with the leading-edge tap on the plate.
The schematic of Figure 2 shows the basic vortex interaction and the locations of
the pressure taps along the surface of the plate. The pressure spectra at LlC = 0.39 and
0.85 are dramatically different; for the former, the peak amplitude is an order of magnitude
greater than the latter. This observation agrees well with the averaged velocity and
vorticity plots of Figure 3, which were obtained by averaging six instantaneous images.
At LlC = 0.39, the concentrations of vorticity are more pronounced than those at
LlC =0.85. It should be noted that at LlC =0.85, the laser sheet is not centered with the
axis of vortex breakdown, so a direct quantitative comparison of the effects of LlC is not
possible.
Figure 4 shows images at two different instants of time for LlC = 0.39. This
comparison shows remarkable variations of the patterns of breakdown from one instant to
the next. Comparing these plots with those at LlC =0.85 for Figure 5, one can again see
that the LlC =0.39 case shows much stronger concentrations of vorticity, which in turn
induce larger surface pressure fluctuations.
The frequency of the dominant peak of the pressure spectrum is of the same order
at LlC = 0.39 and 0.85. Figure 3 shows a dominant peak of 0.64 Hz for all the data taken
at LlC = 0.39, with some broad-band background due to the irregularity of the vorticity
concentrations. At LlC =0.85, the peaks have a much broader band and are not as easily
determined since the amplitude response is not much greater than the background noise.
Examination of the major peaks of the spectra corresponding to pressure transducer
locations #1 through #4 generally shows the occurrence of two pronounced peaks. The
8
predominant peak occurs at approximately 0.46 Hz for all four tap locations. In
./
dimensionless form, for LlC =0.39 and 0.85 the respective dimensionless frequencies
fX!Uoo are 1.73 and 1.71. It is therefore evident that the dimensionless frequency of the
surface pressure is remarkably constant, even though the amplitude of the pressure
spectrum is dramatically attenuated with increasing streamwise distance.
3.2 Effect of cross-stream displacement of vortex breakdown. Figure 6 shows pressure
spectra taken at the leading-edge of the plate for five cross-stream locations of the delta
wing. The vertical displacement" of the delta wing was increased by L1" =6.35 mm for
each successive case while LlC was kept constant at LlC = 0.31. Values of" were
normalized by the diameter d of the vortex at impingement; here d corresponds to the
cross-stream distance between centers of azimuthal vorticity contours. For all five values
of"/d shown in Figure 6, the dominant frequency remains nearly constant at about 0.7 Hz,
corresponding to a dimensionless frequency jX/Uoo = 1.78. The distance between the
onset of vortex breakdown and the leading-edge of the plate is, however, a function of
"/d. The onset of vortex breakdown generally moves downstream with increasing "/d.
Over the range of 0 ~ "/d ~ 0.38, breakdown occurred at distances 7 cm ~ L1Xb ~ 10 cm
upstream of the leading-edge until at "/d =2.3, breakdown occurred well downstream of
the leading-edge, at a location out of the field of view. The images of Figure 7, showing
contours of constant azimuthal vorticity and velocity fields obtained by averaging
instantaneous images, indicate the effect of"/d on the vortex breakdown-plate interaction.
Figure 8 shows representative instantaneous images for the "/d ::: O. For this
case, both instants of time show similar locations of the onset of vortex breakdown, i.e.
slightly upstream of the field of view, similar to the LlC =0.39 case. At "/d = 0.26,
however, dramatic oscillations of the onset of vortex breakdown occur, as evident in the
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instantaneous velocity fields and vorticity contours of Figure 9. At instant # I, the onset of
vortex breakdown can be seen in the field of view, while in instant #2, the onset of
breakdown is. upstream of the field of view. Dye visualization confirmed this type of
global instability of the entire region of breakdown. It is expected that this instability
contributes to the pressure spectrum at low frequencies; it is believed to be the cause of
very low frequency secondary peaks shown in Figure 6 for ll/d = 0.26 and 0.38.
Examination of the peak amplitude of the pressure spectra shown in Figure 6
reveals that the maximum occurs at ll/d = 0.26. This agrees well with the vorticity
contour plots of Figure 7, where the averaged (from 6 images) positive azimuthal vorticity
concentrations at TJ/d =0.26 appear to line up with the leading-edge of the plate, while the
images corresponding to ll/d = 0 and 2.3 show no vorticity concentrations near the
I-------:::~-------=-~-----=------=----=-----:--_._- - -- ----
leading-edge of the plate.
Figures 8 and 9 show, for the ll/d = 0 and 0.26 cases respectively, the
instantaneous velocity fields and concentrations of vorticity at two instants of time. In
Figure 8, the vorticity contours of the breakdown region are relatively disordereq and
show low level concentrations of azimuthal vorticity, relative to those of Figure 9, which
exhibit much more pronounce concentrations. This difference is apparently due to the
difference in nominal location of the onset of breakdown: at ll/d = 0 and 0.26, it is at
approximately LlXbiC =0.51 and 0.42 respectively.
3.3 Effect of spanwise displacement of vortex breakdown. As shown in Figure 10,
pressure spectra were acquired at the leading-edge for seven different spanwise
displacements ~/d = 0 to 0.65 of the vortex axis, relative to the midspan of the plate.
These spanwise displacements were obtained by translating the upstream delta wing
relative to the fixed plate at LlC =0.31. The dominant frequency for all seven values ~/d
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is approximately 0.7 Hz corresponding tojXIUoo =1.78, which is the same as obtained for
the cross-stream locations shown in Figure 6. It appears that the dominant frequency is
,
relatively insensitive to both the cross-stream and streamwise locations of the plate.
Examination of the amplitudes of the pressure spectra of Figure 10 reveals that the
maximum peak occurs at Sid =0.11. This agrees well with the patterns of vorticity
contours shown in Figure 11, where the averaged azimuthal vorticity concentrations at
Sid =0.11 seems to be most prevalent while those at Sid =0.33 and 0.54 exhibit smal1er-
scale vorticity concentrations near the leading-edge of the plate. The edges of the
breakdown region are defined by lines passing through maxima of the averaged
concentrations of azimuthal vorticity. For the vorticity plot at Sid = 0.11 in Figure 11, the
edge of the breakdown is nearly aligned with the pressure tap at the tip of the leading-
edge; therefore the peak amplitude occurs at this value of Sid. The plots of Figures 12
through 14 show the instantaneous velocity field, azimuthal vorticity and velocity on
vorticity for spanwise offsets Sid = 0.1, 0.33, and 0.54 respectively. As the offset
increases, the vorticity concentrations become significantly weaker. This trend
corresponds well with the variation of the maxima of the pressure spectra of Figure 10,
where the maximum amplitude decreases by a factor of 5 as Sid increases from 0.11 to
0.54.
4. ESTIMATION OF WAVELENGTH OF DISTURBANCE
The frequency of the dominant peak of the pressure spectrum ranged from 0.46 Hz
to 0.70 Hz. From these results, the wavelength of the disturbance can be estimated with
an approximation of the speed of convection of the disturbance along the edge of vortex
breakdown. If the speed of convection is assumed to be half of the freestream velocity,
11
Uc =U00I2, then the calculated wavelength, A =Uc/f. The calculated wavelengths are
shown in Table 1 below for the various cases. The wavelength can also be approximated
from the instantaneous patterns of constant vorticity shown for LlC =0.85 in Figure 5, for
LlC =0.39 in Figure 6, for Tl/d =0 in Figure 9, forTl/d =0.26 in Figure 10, for Sid =0.11
in Figure 12, for Sid = 0.33 in Figure 13, and for Sid = 0.54 in Figure 14. The wavelength
was estimated by measuring a half wavelength near the leading edge of the plate,
corresponding to the distance between pronounced concentrations of positive and
negative azimuthal vorticity near the leading-edge, shown in Table 1 with the calculated
wavelength.
1 --JT~e_1· Wavelength-and dimensionless frequency of disturbance.
Case f(Hz) fXlUoo Acalc Aapprox
LIe =0.85 0.64 1.71 166 87
LlC =0.39 0.64 1.73 119 82
Tl/d =0 0.69 1.75 111 57
Tl/d =0.26 0.68 1.73 112 66
Sid =0.11 0.68 1.73 112 79
sid =0.33 0.61 1.55 125 74
The approximated wavelength is much lower than the calculated wavelength by a
factor of nearly two for some cases. This discrepancy must be due to the fact that the
estimated speed of convection Uc is overestimated, or that the approximated wavelength
measured upstream of the plate is not a sufficiently accurate length scale.
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5. OVERVIEW OF PREDOMINANT FREQUENCIES OF BUFFETING
In order to rigorously compare the present data with results from the wide variety
of previous investigations, it is desirable to employ length and velocity scales
representative of the detailed characteristics of vortex breakdown. This information,
, 4
however, is not available for previous studies, which foyused on measurement of unsteady
surface pressure on fins. Therefore, a simplified approximation is sought.
For the case of vortex breakdown on a wing in the absence of a fin, Gursul 11 has
correlated data over a range of sweep angle and angle of attack. He employed the
dimensionless frequency fX!Uoo, in which X is the distance from the apex of the wing to
the location of the pressure transducer measurement on the surface of the wing. Figure 15
shows gray line representations of these data for the two extreme values of sweep angle
A = 60° and 75°. It should be noted that he obtained well-defined variations of
dimensionless pressure at each sweep angle A = 60°, 65°, 70°, and 75°; to maintain
simplicity, details could not be included in the plot of Figure 15. For the purposes of
comparing data from a wide range of fill buffeting experiments, the same dimensionless
frequency fX!Uoo was employed; X is defined as the distance from the origin of the vortex,
i.e. at the apex of a delta wing or LEX apex of an actual aircraft, to the location of
pressure measurement. Each cited investigation represented in the plot of Figure 15 is
included in the tabular representation of the geometrical configuration, Reynolds number
and Mach number given in Table 2, immediately following Figure 15.
The fill buffeting data of Figure 15 shows, in general, the same general trend with
angle of attack as observed by Gursul for wing-surface buffeting in absence of the fin. In
general, as angle of attack is increased, the predominant buffeting frequency decreases.
Those investigations employing Model F-18 aircraft show a generally similar trend with
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angle of attack. The values of frequency are, however, generally higher than those of the
simple delta wing configuration. It should be noted that some of the data of Washburn,
Jenkins, and Ferman were not taken into consideration for the plot of Figure 15. Only the
lower values of predominant frequency were included. It is assumed that the high
frequency is due to a secondary phenomenon lying outside the principal range of
frequencies of vortex breakdown.
In general, it is expected that as angle of attack is varied, the predominant mode of
vortex breakdown will vary between the two principal states of "bubble" breakdown and
asymmetric or "spiral" breakdown. For the present study, the breakdown was found to be
in the asymmetric or "spiral" mode, evident in the helical mode instability of the dye
visualization in the breakdown region.
An important issue is the manner in which the distance from the onset of vortex
breakdown to the leading-edge of the fill varies as the total distance X from the origin of
the vortex to the fill changes. In order to examine this effect, a simplified experiment was
carried out using dye visualization. The distance of the leading-edge of the plate from the
trailing-edge of the delta wing, indicated as L in Figure 1, was varied, and the location
~b"C, vortex breakdown upstream of the leading-edge of the plate was monitored. The
resultant variation is given in Figure 16. At smaller values of plate spacing, the frequency
tends to decrease with increasing spacing between the trailing-edge of the wing and the
leading-edge of the plate. Remarkably enough, however, there appears to be an
asymptotic value of~l/C at larger values of L.
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6. CONCLUSIONS
This effort has focused on establishing a relationship between the instantaneous
velocity and vorticity fields of a broken-down vortex incident upon a plate and the surface
pressure fluctuations induced along the leading-edge region of a plate. In order to
determine those features of the vortex breakdown-plate interaction process that generate
maximum fluctuations, the leading-edge of the plate is varied in three directions:
streamwise, cross-stream, and transverse. The principal features evolving from this series
of experiments are as follows:
1. The predominant frequency of the surface pressure is remarkably insensitive to cross-
stream displacements of the vortex axis relative to the leading-edge of the plate. The
simple scalingjXIUoa, in which X is the distance from the origin of the vortex (at the
apex of the delta wing) to the leading-edge of the plate provides a remarkably
universal result, at least at a given angle of attack.
2. The maximum amplitudes of the pressure fluctuations along the leading-edge occur
when the edge of the region of vortex breakdown, defined as the loci of maximum
(averaged) azimuthal vorticity, is coincident with the edge of the pressure tap. In
contrast, when the axis of the vortex is aligned with the leading-edge of the plate, the
fluctuation lhels are relatively low; correspondingly, the central region of the vortex is
essentially devoid of averaged vorticity. This observation suggests that deflection of
the vortex by the order of only one-half its characteristic diameter, via control
techniques, can substantially reduce the level of pressure fluctuations along the
leading-edge.
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3. For a certain range of offset of the plate relative to the axis of the incident vortex,
large amplitude, low frequency, global oscillations of the entire region of vortex
breakdown occur; during such oscillations, there are substantial streamwise excursions
of the onset of vortex breakdown.
4. Correlation of the predominant frequency of buffeting obtained from a wide variety of
experiments on delta wings and actual models of F-series aircraft, shows remarkably
good correlation on the basis of dimensionless frequency fX/Uoo' It is suggested that
the reason for this reasonably good correlation, despite the wide variety of
configurations, is the relative insensitivity of the onset of vortex breakdown at a given
angle of attack, upstream of the leading-edge of the plate or fin.
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Figure 1: OvelView of experimental arrangement
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Figure 2: Pressure spectra on surface of plate for #1 through #4 transducers (left to
right) for two streamwise distances from leading-edge of plate to trailing-edge
of delta wing, LlC =0.39 (bottom) and LlC =0.85 (top).
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Figure 3: Time-averaged images of velocity vectors (left column~contours of constant vorticity roz (middle column),
and velocity vectors on contours of constant vorticty (left column) for two streamwise distances from
leading-edge of plate to trailing-edge of delta wing, L/C = 0.39 (tpp row) and L/C = 0.85 (bottom row).
The minimum vorticity ffimin =3 s-l, and the vorticity step b.ro = 3 s-l.
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Figure 3: Time-averaged images of velocity vectors (left column), contours of constant vorticity ffiz (middle column),
and velocity vectors on contours of constant vorticty (left column) for two streamwise distances from
leading-edge of plate to trailing-edge of delta wing, LlC = 0.39 (top row) and LlC = 0.85 (bottom row).
The minimum vorticity ffimin =3 s-l, and the V0l1icity step ,1,ffi = 3 s-l.
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Figure 4: Instantaneous images of velocity vectors (left column), contours of constant vorticity OOz (middle column),
and velocity vectors on contours of constant vorticty (left column) for streamwise distance Lie == 0.39 at
two instants of time. The minimum vorticity ffimin =5 s-l, and the vorticity step LlO> = 5 s-l.
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Figure 4: Instantaneous images of velocity vectors (left column), contours of constant vorticity ())z (middle column),
and velocity vectors on contours of constant vorticty (left column) for streamwise distance Lie = 0.39 at
two instants of time. The minimum vorticity comin =5 s-l, and the vorticity step .1co = 5 s-l.
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Figure 5: Instantaneous images of velocity vectors (left column), contours of constant vorticity Wz (middle column),
and velocity vectors on contours of constant vorticty (left column) for streamwise distance LIC =0.85 at
two instants of time. The minimum vorticity Ulmin =5 s-l, and the vorticity step .1ro = 5 s-l.
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Figure 5: Instantaneous images of velocity vectors (left column), contours of constant vorticity mz (middle column),
and velocity vectors on contours of constant vorticty (left column) for streamwise distance Lie = 0.85 at
two instants of time. The minimum vorticity mmin =5 s-l, and the vorticity step Lim = 5 s-l.
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Figure 6: Pressure spectra on surface of plate for #1 transducer at various cross-stream distances from center-line of
vortex to center-line of plate, 'Il/d == 0 (left) to 1l/d == 0.38 (right).
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Figure 7: Time-averaged images of velocity vectors (left column), contours' of constant vorticity OOz (middle column),
and velocity vectors on contours of constant vorticty (right column) at two cross-stream distances from
center-line of vortex to center-line of plate, 'll/d =0 (top) and Tl/d =0.26 (bottom). The minimum vorticity
00rnin =3 s-l, and the vorticity step tt.oo = 3 s-l.
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Figure 7: Time-averaged images of velocity vectors (left column), contours of constant vorticity CDz (middle column),
and velocity vectors on contours of constant vorticty (right column) at two cross-stream distances from
center-line of vortex to center-line of plate, ll/d = 0 (top) and ll/d = 0.26 (bottom). The minimum vorticity
CDrnin =3 s-l, and the vorticity step fl.(j) = 3 s-l.
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Figure 8: Instantaneous images of velocity vectors (left column), contours of constant vorticity IDz (middle column),
and velocity vectors on contours of constant vorticty (left column) for cross-stream distance 'll/d = 0 at two
instants of time. The minimum vorticity IDmin =5 s-l, and the vorticity step Am = 5 s-l.
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Figme 8: Instantaneous images of velocity vectors (left column), contours of constant vorticity (Oz (middle column),
and velocity vectors on contours of constant vorticty (left column) for cross-stream distance ll/d = 0 at two
instants of time. The minimum vorticity (Omin =5 s-l, and the vorticity step ~(J) = 5 s-l.
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Figure 9: Instantaneous images of velocity vectors (left colmnn), contours of constant vorticity OOz (middle column),
and velocity vectors on contours of constant vorticty (left column) for cross-stream distance Tl/d = 0.26 at
two instants of time. The minimum vorticity ffimin =5 s-l, and the vorticity step .1.00 = 5 s-l.
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Figure 9: Instantaneous images of velocity vectors (left column), contours of constant vorticity Wz (middle column),
and velocity vectors on contours of constant vorticty (left column) for cross-stream distance l1/d = 0,26 at
two instants of time. The minimum vorticity (Dmin =5 s-l, and the vorticity step ,0,.(t) = 5 s-l.
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Figure 10: Pressure spectra on surface of plate for #1 transducer at various spanwise distances from center-line of
vortex: to center-line of plate, 1jd =0.11 (left) to 1jd =0.65 (right).
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Figure 11: Time-averaged images of velocity vectors (left column), contours of constant vorticity OOz (middle column),
and velocity vectors on contours of constant vorticty (left column) at various spanwise distances from
center-line of vortex to center-line of plate, ~d = 0.11 (top), yd =0.33, and ~d =0.54 (bottom). The
minimum vorticity 00min =3 s-l, and the vorticity step .1.00 = 3 s-l.
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Figure 11: Time-averaged images of velocity vectors (left column), contours of constant vorticity (()z (middle column),
and velocity vectors on contours of constant vorticty (left column) at various spanwise distances from
center-line of vortex to center-line of plate, Sid = 0.11 (top), [jd = 0.33, and Sid = 0.54 (bottom). The
minimum vorticity (()rnin =3 s-l, and the vorticity step ,1(() = 3 s-l.
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Figure 12: Instantaneous images of velocity vectors (left column), contours of constant vorticity mz (middle column),
and velocity vectors on contours of constant vorticty (left column) for cross-stream distance ~d = 0.11 at
two instants of time. The minimum vorticity illmin =5 s-l, and the vorticity step Am = 5 s-l.
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Figure 12: Instantaneous images of velocity vectors (left column), contours of constant vorticity Ulz (middle column),
and velocity vectors on contours of constant vorticty (left column) for cross-stream distance SJd =0.11 at
two instants of time. The minimum vorticity CUmin =5 s-l, and the vorticity step L1Ul = 5 s-l.
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Figure 13: IlI1stantaneous images of velocity vectors (left column), COlI1tours of constant vorticity OOz (middle column),
and velocity vectors on contours of constmt vorticty (left column) for cross-stream distance Idd = 0.33 at
two il1stants of time. The minimum vorticity iCOmin =5 s-1, and the vorticitystep L100 = 5 s-1.
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Figure 13: Instantaneous images of velocity vectors (left column), contours of constant vorticity ('()z (middle column),
and velocity vectors on contours of constant vorticty (left column) for cross-stream distance Sid = 0.33 at
two instants of time. The minimum vorticity ffimin =5 s-l, and the vorticitystep .6,ffi = 5 s-l.
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Figure 14: Instantaneous images of velocity vectors (left column), contours of constant vorticity ooz (middle column),
and velocity vectors on contours of constant vorticty (left column) for cross-stream distance ~d =0.54 at
two instants of time. The minimum vorticity ffimin =5 s-l, and the vorticity step L100= 5 s-l.
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Figure 14: Instantaneous images of velocity vectors (left column), contours of constant vorticity CUz (middle column),
and velocity vectors on contours of constant vorticty (left column) for cross-stream distance Sid = 0.54 at
two instants of time. The minimum vorticity cumin =5 s-l, and the vorticity step ~cu = 5 s-l.
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Figure 15: Summary of previous turbulent buffeting research showing relationship
between dimensionless frequencyfx/Uoo and angle of attack ex: (Table 2 is key
to this figure).
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Table 2: Summary of experimental systems for data shown in figure 15.
LEX Sweep
Author(s) Model fence angle Re M
0 Canbazoglu et al(1994) Delta wing - 75° 3.9x104 0
€) Triplett(1983) 13% F-15 No - -8x105 -0.09
•
Lee/Brown(1990) 6% F/A-18 No - 3.38x106 0.6
\I Shah(1991) 6% F/A-18 No - 1.08x106 0.08
VI Wentz(1987) 2.1% F/A-18 No - 0.4-1.3x104 0
T Ferman et al(1990) 12% F/A-18 No - 6.5x105 0.07
0 Wolfe/Rockwel1(1994) Delta wing - 75° 3.9x104 0
• Leeffang(1992) 6% F/A-18 Yes - 3.38x10
6 0.6
/::). Lee, Brown et al(1993) 6% F/A-18 Yes - 3.38x106 0.6
A Washburn et al(1993) Delta wing - 76° 0.5-1.0x106 0.04-0.14
0 Bean et a1(1993) Delta wing - 60° -0.8x106 -0.08
•
Martin et a1(1992) 11% F/A-18 No - 0.5-1.6x106 0.06-0.18
lWm Gursul(1994) Delta Wings
- 60°-75° 0.3-1.0x105 0.01-0.05
* Re is based on root chord for the delta wings and mean aerodynamic chord for F/A
scale models.
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Figure 16: Relationship between dimensionless distance of breakdown position to
dimensionless distance between plate and delta wing.
33
REFERENCES
1Lee, J. W., Cavone, A. A., and Suzuki, K. E., "Doppler Global Velocimetry
Measurements of the Vortical Flow Above a F/A-18", AIAA Paper 93-0414, Jan. 1993.
2Shah, G. H., Grafton, S. B., Guynn, M. D., Brandon, J. M., Dansberry, B. E.,
and Patel, S. R., "Effect of Vortex Flow Characteristics on Tail Buffet and High-Angle-of-
Attack Aerodynamics of a Twin-Tail Fighter Configuration", High-Angle-of-Attack
Technology Conference, NASA Langley Reserach Center, Hampton, VA, Oct. 1990.
3Lee, B. H. K., Brown, D., Zgela, M., and Poirell, D., "Wind Tunnel Investigation
and Flight Test of Tail Buffet on CF-18 Aircraft", AGARD Conference Proceedings No.
CP-483, 1990.
4Hebbar, S., Platzer, N., and Frink, W., "Vortex Wake Investigation of a Twin-
.-
Tail", AIAA Paper 93-0868, Jan. 1993.
5Washburn, A. E., Jenkins, L. N., and Ferman, M. A., "Experimental Investigation
of Vortex-Fin Interaction", AIAA Paper 93-0050, Jan. 1993.
6Bean, D. E. and Wood, M. 1., "An Experimental Investigation of Twin Fin
Buffeting and Suppression", AIAA Paper 93-0054, Jan. 1993.
7Mayori, A. and Rockwell, D., "Interaction of a Streamwise Vortex with a Thin
Plate: A Source of Turbulent Buffeting", Submitted to AIAA, Nov. 1993.
8Garg, A. K. and Leibovich, S., "Spectral Characteristics of Vortex Breakdown
Flowfields", Physics of Fluids, Vol. 22, No. 11, Nov. 1979, pp. 2053-2064.
9Lessen, M., Singh, P. J., and Paillet, F., "The Stability of a Trailing Line Vortex.
Part 1. Inviscid Theory", Journal of Fluid Mechanics, Vol. 63, 1974, pp. 753-763.
lOCassidy,1. 1. and Falvey, H. T., "Observations of Unsteady Flow Arising after
Vortex Breakdown", Journal of Fluid Mechanics, Vol. 41, 1970, pp. 727-736.
34
IIGursul, I., "Unsteady Flow Over Delta Wings at High Angle-of-Attack",
Submitted to AIAA, 1993.
12Rockwell, D., Magness, c., Towfighi, J., Akin, 0., and Corcoran, T., "High-
Image Density PIV using Laser Scanning Techniques" Experiments in Fluids, Vol. 14,
1993, pp. 181-192.
13Rockwell, D., Magness, c., Robinson, 0., Towfighi, J., Akin, 0., Gu, W., and
Corcoran, T., "Instantaneous Structure of Unsteady Separated Flows via Particle Image
Velocimetry", Report PI-I, Fluid Mechanics Laboratories, Department of Mechanical
Engineering and Mechanics, Lehigh University, Feb. 1992.
14Rockwell, D., "Three-Dimensional Flow Structure on Delta Wings at High
Angle-of-Attack: Experimental Concepts and Issues", AIAA Paper 93-0550, Jan. 1993.
15Rockwell, D. and Lin, 1. c., "Quantitative Interpretation of Complex, Unsteady
Flows Via High-Image-Density Particle Image Velocimetry", SPIE Proceedings, Vol.
2005, 1994.
16Lee, B. H. K. and Brown, D., "Wind-Tunnel Studies of F/A-18 Tail Buffet",
Journal of Aircraft, Vol. 29, No.1, 1991, pp. 146-152.
17Lee, B. H. K., Brown, D., Tang, F. c., and Plosenski, M., "Flowfield in the
Vicinity of an F/A-18 Vertical Fin at High-Angle-of-Attack", Journal of Aircraft, Vol. 30,
No.1, 1993, pp. 69-74.
18Lee, B. H. K. and Tang, F. c., "Buffet Load Measurements on an F/A-18
Vertical Fin at High-Angle-of-Attack", AIAA Paper 92-2127,1992.
19Shah, G. H., "Wind-Tunnel Investigation of Aerodynamic and Tail Buffet
Characteristics of Leading-Edge Extension Modifications to the F/A-18", AIAA Paper 91-
2889, Aug. 1991.
35
20Lemay, S. P. and Lovato, 1. A, "Experimental Investigation of the Vortex-
Vertical Tail Interactioni on an F-15", AIAA Paper 94-0070, Jan. 1994.
21Triplett, W. E., "Pressure Measurements on Twin Vertical Tails in Buffeting
Flow", Journal of Aircraft, Vol. 20, No. 11, 1982, pp. 920-925.
22Chanaud, R. C., "Observationi of Oscillatory Motion in Certain Swirling Flows",
Journal of Fluid Mechanics, Vol. 21, part 1, 1965, pp. 111-127.
23Khorrami, M. R., "On the Viscous Modes of Instability of a Trailing Line
Vortex", Journal of Fluid Mechanics, Vol. 225, 1991, pp. 197-212.
24Lee, B. H. K and Dunlavy, S., "Statistical Prediction of Maximum Buffet Loads
on the F/A-18 Vertical Fin", Journal of Aircraft, Vol. 29, No.4, 1991, pp. 734-736.
25Krist, S. L., Washburn, A E., and Visser, K D., "A Computational and
Experimental Investigationi of a Delta Wing with Vertical Tails", AIAA Paper 93-3009,
July 1993.
26Kiedaisch, J. W. and Acharya, M., "Interaction of Missile Tip Vortices with a
Control Surface", AIAA Paper 94-0527, Jan. 1994.
27McAlister, K W. and Tung, c., "Airfoil Interaction With an Impinging Vortex",
NASA Technical Paper 2273, AVSCOM Technical Report 83-A-17, 1984.
28Ferman, M. A., Patel, S. R., Zimmerman, N. H., and Gerstenkorn, G., "A
Unified Approach to Buffet Response of Fighter Aircraft Empennage", AGARGINATO
70th Structures and Materials Meeting, Sorrento, Italy, April 1990, pp. 2-1 - 2-15.
29Ashley, H., Rock, S. M., Digumarthi, R., Chaney, K, and Eggers, A 1., "Active
Control for Fin Buffet Alleviation", Report WL-TR-93-3099, Wright Laboratory, Air
Force Materiel Command, Wright Patterson Air Force Base, Jan. 1994.
36
30Beckwith, T. G., Buck, N. L. ,and Marangoni, R. D., Mechanical
Measurements, 3rd Edition, Addison-Wesley Publishing Company, Inc., Philippines, 1982,
pp. 470 -472.
3IWentz, W. H., "Vortex-fin Interaction on a Fighter Aircraft", AIAA Paper 87-
2474, August 1987.
32Martin, C. A. and Thompson, D. H., "Scale Model Measurements on Fin Buffet
Due to Vortex Bursting on F/A-I8", AGARD/CP 497, !992.
33Roos, F. W. and Kegelman, 1. T., "Recent Expirations of Leading-Edge Vortex
Flow Fields", NASA High-Angle-of-Attack Technology Conference, NASA Langley
Research Center, Hampton, Virginia, October 30-November 1, 1990.
37
Appendix A: Pressure Measurement Techniques
A.i Basic Setup. Dynamic surface pressure was measured at four locations on the surface
of the plate, as shown in figure 1, for the first test, and only at the leading edge of the plate
for the second and third tests. The pressure transducers were mounted in a common
block; pressure lines ran from the block to the surface of the plate through 1.59 mm slots
in false walls holding the plate and through 1.59 mm i.d. holes in the plate. Figure A.l
shows a schematic of the entire system. From preliminary tests it was found that the
frequency range of interest representing the buffeting of the plate by the incident vortex
was 0 to 2 Hz.
An NO board was used to digitize the pressure data~ in the first experiment,
pressure data were acquired simultaneously for the four transducers. All raw pressure
data were composed of 1024 points, and the Nyquist frequency was fNq = 10 Hz resulting
in a sampling time ~t = 0.05 s and an acquisition time t = 51.2 s. A Tektronix amplifier,
set at a gain of 10, was used to increase the signal amplitude. This· amplifier was
employed in addition to the power supply amplifier, provided with the transducer, which
was set at 100; overall, the total amplification was 103. A fIlter was used to cut off the
high frequency noise; it was set lower than the Nyquist frequency in order to prevent
aliasing effects at low frequencies. The cutoff frequency was set at 8 Hz with a slope of
20 dB/octave.
A.2 Calibration of Transducers. The sensitivity calibration of each transducer was
provided by the manufacturer, and the response was linear for all transducers. The #1 - #4
transducers had sensitivities of 613.5 mY/psi, 565.6 mY/psi, 574.6 mY/psi, and 537.3
mY/psi, respectively. With the sensitivity given by the manufacturer, the amplitude
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response for the four transducers can be correlated by dividing each signal by its
corresponding sensitivity.
A.3 Dynamic Response of Transducer System. The dynamic response is the difference
between the output signal and the true input signal. Due t6"1' natural frequency of the
measurement system, the input signal may have amplitude and phase attenuation resulting
in an incorrect recorded output signal. Since the transducer is too large to be mounted
exactly where the pressure measurement is desired, a pressure line must transmit the signal
through the plate and false wall to the transducer as shown in Figure A.I. If the pressure
lines are too long, or the diameter of the lines is too small, there will be significant errors
in the recorded pressure signal caused by these lines. There are two general types of
representations of this dynamic effect: liquid systems, heavily damped, slow acting; and
liquid systems, moderately damped, fast acting. For the heavily damped, slow acting
system the inertia effect of the fluid is negligible, and the response of the system can be
represented as a first order system. This system, however, is not a good representation of
the pressure measurement system used in this experiment. The fluid motion is rapid in our
system and requires a more detailed analysis as a moderately damped, fast acting system.
It is difficult to completely analyze this system, but since the transient response shows a
second order behavior, as shown in Figure A.2, the system can be approximated as a
simple spring-damper-mass system. The resonant frequency was measured by sending a
transient fluid signal to the input pressure tap and recording the response of the
transducer. From this response the resonant frequency COd can be measured directly and
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the damping ratio ~ can be calculated using Figure A.2 and the equation:
Transducer corl(rad/s) D ~ COn(rad/s) Amp. Ratio <j>(rad)
#1 25 0.27 0.043 25 1.03 0.016
#2 25 0.30 0.048 25 1.03 0.017
#3 21 0.29 0.046 21 1.05 0.020
#4 42 0.23 0.037 42 1.01 0.007
(A.4)
(A.3)
(A.2)
(A.I)
Phase Shift =<j> =tan-I
and
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1
Amplitude Ratio ~ ~{l- (':1}~{ 2S:J' ],_-2_
Table A.l: Dynamic Response Results at ro = 4.4 rad/s(0.7 Hz)
distortion can be calculation from the following equations:
where rod is the damping frequency that can be approximated from Figure A.2.
From the natural frequency ron and the damping ratio ~, the amplitude and phase
Assuming ~« 1, then 8 =21t~ and the damping ratio ~ can be calculated.
The natural frequency ron can be found by
D= In(X) /X N ) = 21t~ l'
(N-l) (1-~2)2
The data can be corrected with the amplitude ratio and phase shift, however the change in
the actual data would be insignificant.
A.4 Dynamic Response oj Liquid-Filled Systems. A liquid-filled system used to measure
pressure has a natural frequency that can be determined based on the liquid and the
transducer combining to form a total spring mass system. The following equations apply
assuming a single degree-of-freedom:
(A.S)
where tn = natural frequency (Hz), m =equivalent moving mass = mass of transducer
moving elements + equivalent mass of the liquid column, ks = ktk
l
=overall stiffness,
k t +k l
kt = transducer stiffness, and k I = the transmitting medium stiffness. The mass of the
transducer moving elements is negligible compared to the mass of the water in the
pressure transmitting line. Also, the stiffness of the transducer is based on quartz crystal
within the transducer which is several orders of magnitude greater than stiffness of the
water in transmitting the signal, and therefore kt can be neglected. This reduces the
equation to:
(A.6)
where D =tubing i.d., A =area of transducer sensing element, p =density of water, and
L =length of tube. From this equation the natural frequency of a typical pressure line for
the plate is 13.8 Hz. Since the natural frequency is much higher than the frequency range
of interest, this analysis suggests that the pressure lines transmit the true pressure signal
with insignificant attenuation.
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A.S Acoustic Waves in Transducer System. Acoustic waves may propagate between the
inlet and outlet of the pressure measuring device if the acoustic wavelength is not very
long compared to the length of the measuring device. This will cause significant phase and
amplitude distortion. Acoustic resonance cannot occur if the length of the device is less
than the quarter acoustic wavelength of the frequency of interest. The frequencies of
interest are of the orct'er of I Hz. The acoustic wavelength A is equal to speed of sound in
the medium, which is water, divided by the frequency of interest. The wavelength
A = clf = 1524 m, which is four orders of magnitude greater than the length of the
measuring system of this investigation. Therefore, any distortions due to acoustic wave
effects can be neglected.
A.S Helmholtz Resonator Effects. The equation for the Helmholtz fluid resonator
frequency of oscillation is:
( 1) (E . A)~fR = 21t . -:. L· V ' (A.7)
where!R is the Helmholtz resonant frequency, Ev is the bulk modulus of water, p is the
density of water, A is the area of the orifice, V is the entire Volume, and L is the length.
From this equation the oscillation frequency of a Helmholtz resonator for the four pressure
measurement systems ranges from 220 to 250 Hz. Since the frequency of interest is the of
the order of 1 Hz, the Helmholtz resonator would not effect the pressure response.
A.6 Data Reduction. In order to have a clearer understanding of the dominant peak 15
data fJ1es were recorded. The pressure spectrum for each was calculated in a data
acquisition computer program, ALT. The 15 fJ1es were then ensemble averaged. After
acquiring the data a large very low frequency peak was discovered in the spectrum. This
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peak was not believed to be due to the flow characteristics, but some other outside effect.
Pressure data were taken without the delta wing in the channel and the same low
frequency peak appeared in the spectrum. Therefore, it is believed that this peak is due to
a frequency not corresponding to the flow characteristics. The pressure data without tpe
,
delta wing were taken in the same manner as with the delta wing again averaging 15
spectra. The spectra without the delta wing were then subtracted from the data with the
delta wing and each signal was divided by the transducer sensitivity resulting in the final
spectrum plots shown in figures 3, 7, and 11. The pressure data without the delta wing
also provided another way to compare the amplitude responses of the transducers; all
were relatively the same after each was divided its corresponding sensitivity.
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Figure A.I: Overview of pressure measurement system.
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Amplitude
Figure A.2: Typical response of a moderately-damped fast acting system.
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